Processes controlling the absorption, distribution, metabolism, excretion, and pharmacologic effects of drugs are likely to be immature or altered in neonates and infants. Absorption may be affected by differences in gastric pH and stomach emptying rate. Low serum protein concentrations and higher body water composition can change drug distribution. Drug metabolism enzyme activity is typically reduced in the neonate, but rapidly develops over the first year of life. Renal excretion mechanisms are low at birth, but mature over a few months. Limited data are available on the pharmacodynamics of drugs; infants show greater sensitivity to d-tubocurarine. Developmental changes are rapid during the first weeks and months of life, thus requiring continual modification of drug dosage regimens designed for treating pediatric patients.
Introduction
The safe and effective exposure to therapeutic drugs and inadvertant chemicals during the first year of life presents unique challenges to the clinician, pharmacokineticist, and toxicologist because of the rapid changes in size, body composition, and organ function of infants during this period. Ignorance of the unique nature of drug disposition in the neonate led to such now preventable tragedies as gray baby syndrome from chloramphenicol, congenital anomalies from thalidomide, and kernicterus from sulfonamides. The area of pediatric pharmacokinetics has blossomed since the 1970s, when advances in the development of sensitive and specific drug assays began. Pharmacokinetic parameters such as clearance (CL), volume of distribution (V) and half-life (t112) have been described for many therapeutic agents used in the newborn and young infant (1) (2) (3) (4) (5) (6) and numerous reviews are devoted to this subject (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . However, quantitation of clinical effects and pharmacodynamic response as modified by development and disease are areas that have lagged behind description of pharmacokinetics in this age group (10) .
The information available on pediatric pharmacokinetics has demonstrated significant differences in absorption, distri-
Absorption from the Gastrointestinal Tract
Drugs administered by the oral route must move to sites of absorption and then cross multiple gastrointestinal (GI) membranes before they pass into systemic circulation. Most drugs appear to be absorbed by passive diffusion, although some drugs and nutrients are absorbed by an active process (13) . Two major factors affecting the absorption of drugs are pH-dependent passive diffusion and gastric emptying (14) (15) (16) (17) . Both processes demonstrate a variable but age-related trend from birth well into infancy and childhood (15, 17) . The neutral gastric pH (pH 6-8) at birth is related to the presence of amniotic fluid in the stomach (14) . Postnatally, gastric acid secretory capacity appears after the first 24 to 48 hr of life and gastric acidity decreases during the first weeks to months of life (15) . Adult values are approached by 3 months of age. In premature infants, gas- (19, 20) . Delayed absorption of phenobarbital, phenytoin, acetaminophen, and riboflavin occurs (13, 20, 21) . The rate of gastric emptying during the neonatal period is both variable and prolonged (17) . Gestational age and postnatal age both affect gastric emptying rate (17) with prolonged emptying times seen in premature infants. Calculated rates of absorption for phenobarbital, digoxin, xylose, and other substances have demonstrated that although prolonged gastric emptying is present in neonates, it does not completely account for the delays seen in gastric absorption of these compounds (13) . Figure 1 demonstrates the relationship of enteral absorption of phenobarbital to age after a single weight-adjusted dose in children age 10 days to 1 year. The rate constant, ka, increases with the age of the child (13) . Age-dependent differences in absorption rate remain even after stimulation of intestinal motility. However, they demonstrate a decreased capacity of enteral absorption in neonates; this decrease is attributable to factors other than decreased gastric emptying time, and GI motility. Additional physiologic activities that are diminished in the neonate are pancreatic enzyme function and bile acid secretion (22) .
Absorption from Skin and Muscle
Percutaneous absorption may be drastically increased in neonates owning to an immature epidermis and increased skin hydration. Toxicity because of topical application of Environmental Health Perspectives hexachlorophene (23) and isopropanol (24) , among other agents, has been documented. Conversely, therapeutic serum theophylline concentrations can be obtained in premature infants by applying theophylline gel to the skin (25) . Drug absorption from an intramuscular site may be unpredictable and decreased due to insufficient blood flow, poor muscle tone, and compromised muscle oxygenation (3).
Variable intramuscular absorption has been demonstrated for digoxin, gentamicin, phenobarbital, and diazepam in neonates (3, 26) .
Distribution
The distribution of drugs within the body is influenced most notably by the amount and character of plasma proteins, and the relative size of the fluid, fat, and tissue compartments of the body. Total body water, expressed as a percentage of total body weight, is as much as 85% in preterm and 78% in full-term neonates (27) . The effect of an increased fraction of total body water is apparent when assessing the pharmacokinetic parameter-volume of distribution-which relates drug concentration in plasma to the remaining portions of the body. 
Metabolism
Hepatic enzyme activity and plasma/tissue esterase activity are both reduced during the neonatal period (3). Most enzymatic microsomal systems responsible for drug metabolism are present at birth and their activities increase with advancing gestational and postnatal age (3, 12, (30) (31) (32) . Hepatic phase I reactions (i.e., oxidation, reduction, hydroxylation) develop rapidly during infancy, with adult capacities attained by 6 months of life (30) (31) (32) . These changes have been documented for phenobarbital, phenytoin, diazepam, meperidine and numerous other agents (3, 33) . Drugs subject to a low hepatic extraction undergo an even further reduction in metabolism by neonates (4, 12) .
Phase II conjugation reactions are generally reduced at birth, although exceptions have been demonstrated. The conjugation with glucuronic acid is significantly depressed at birth, although a well-developed capability for sulfate conjugation exists (20) . Glycine conjugations are present in neonates at levels comparable to those of adults (31) . Enzymatic systems responsible for theophylline oxidation and methylation to caffeine are active in premature neonates; whereas, the development of enzymes for oxidative demethylation do not develop for several months of life (34, 35) . The variation of theophylline metabolism observed during the first year of life is presented in Figure 2 . Data compiled from multiple clinical studies conducted in premature neonates, full-term neonates, and infants during the first year of life, shows the interindividual variation of theophylline clearance and its increase with age. The effect of exogenous growth hormone administration to deficient children was associated with a decrease in theophylline half-life in small number of patients (36) .
Esterase activity is depressed to a greater extent in premature infants than term infants and does not achieve even term infant activity for 10 newborn may account for the prolonged effect of local anesthetics seen during delivery (37) . A factor also to be considered is in utero exposure to enzyme inducing agents such as barbiturates, glucocorticoids, caffeine, and tobacco (12) . Prenatal exposure to these agents may significantly alter the disposition of such drugs as diazepam, phenobarbital, and phenytoin after birth (12) . Recently, caffeine has been identified as a sensitive biomarker for development of the P450 monooxygenase system activity (38) and maturation of this system during critical phases of growth and development could be mapped. Slower biotransforma- (2), Milsap (11) 5Approximate mean % change compared to adult value.
Environmental Health Perspectives tion of metronidazole, a drug metabolized by P450 enzyme system, has been demonstrated in severely malnourished infants and children as compared to the nonmalnourished state (39).
Renal Excretion
Significant age-dependent changes in renal function affect the elimination of drugs and their metabolites. At birth, glomerular function is more advanced than tubular function and this persists until 6 months of age (40) (41) (42) . The processes of glomerular filtration, tubular secretion, and tubular reabsorption all define the efficiency with which the kidney eliminates such drugs as tobramycin (43), netilmicin (44), mezlocillin (45) , gentamicin (46) , and such other agents as glucose, phosphate, and bicarbonate (11, 40) . All of these clearances may be reduced during infancy. At birth, glomerular filtration rate (GFR) is 2 to 4 ml/min in term neonates and as low as 0.6 to 0.8 ml/min in prematures (40) (41) (42) (45) (Figure 3 ). Further investigation has revealed that nonrenal clearance of the antibiotic also occurs (47) .
Pharmacodynamics and Receptor Sensitivity
Recent technological developments have enabled the characterization of cholinergic, adrenegic, glucocorticoid, opiate, and histamine receptors (11, (48) (49) (50) (51) . Age-related alterations in ,-receptor affinity for adrenegic agonists has been demonstrated in the elderly (49) . The different sensitivity of the neuromuscular junction to dtubocurarine (d-TC) among neonates, infants, and children and adults has been determined (52) . In addition to the pharmacodynamic response, the pharmacokinetics were also assessed. Figure 4 (53) (54) (55) . Neonates represent the most fragile group due to their physiological instabilities and their increased potential for toxic effects.
In conclusion, it is readily apparent that most of the physiologic variables influencing drug disposition are unique in the neonate and infant as compared to children and adults. This age group should remain an active population for concern in future pharmacokinetic, pharmacodynamic, and toxicologic research. 
